Three cytokines use the IL-12p40 cytokine subunit namely: IL-12p70 (IL-12-comprised of IL-12p40 and IL-12p35), IL-23 (comprised of the IL-12p40 and IL-23p19 subunits) and homodimeric IL-12p40 (IL-12(p40) 2 ). Following activation, immature dendritic cells (DCs) upregulate the chemokine receptor Chemokine-C-Receptor 7 (CCR7), and migrate in response to homeostatic chemokines such as chemokine (C-C motif) ligand 19 (CCL19). Induction of the cytokine IL-12p40 in response to pathogen-exposure, likely in its homodimeric form, is one of the primary events that mediates migration of DCs in response to CCL19. Here we show that following exposure to Francisella tularensis Live Vaccine Strain (LVS), DCs produce IL-12p40 and promote the migration of DCs to the chemokine CCL19 in an IL-12Rβ1-and IL-12p(40) 2 -dependent manner. Induction of IL-12p40 and resulting chemokine responsiveness in DCs is TLR2-dependent and coincides with the uptake of F. tularensis LVS and activation of DCs. Importantly, we show that IL-12Rβ1 signaling is required for DC migration from the lung to the draining lymph node following F. tularensis LVS exposure and coincides with accumulation of IL-12p40 expressing DCs in the draining lymph nodes. Together, these findings illustrate that IL-12p40 is induced rapidly in response to F. tularensis LVS and is required for DC migration through an IL-12Rβ1-IL-12(p40) 2 dependent mechanism.
Introduction
Francisella tularensis, a gram-negative facultative intracellular bacteria, is a highly infectious pathogen known to be the causative agent of the zoonotic disease, tularemia. The routes of Francisella infection include contact, ingestion or inhalation. However, inhalation with even low doses of airborne bacteria (<10 colony forming units, CFU) causes serious illness and therefore projects its use as a possible bioterrorism tool [1] . An F. tularensis Live Vaccine Strain (LVS) has been developed from the F. tularensis SCHU S4 strain, but is currently not licensed for use in humans [1] . Due to the absence of licensed vaccines against tularemia, much effort is directed towards understanding immune regulation in response to F. tularensis.
Three cytokines use the Interleukin (IL)-12p40 cytokine subunit namely IL-12p70 (IL-12-comprised of IL-12p40 and IL-12p35), IL-23 (comprised of the IL-12p40 and IL-23p19 subunits) and homodimeric IL-12p40 (IL-12(p40) 2 ). The IL-12p40 subunit cytokines play critical and distinct functions in the generation of adaptive T cell responses to pathogens. For example, IL-12(p40) 2 is required for DC migration and initiation of adaptive immune responses [2] [3] , while IL-12 and IL-23 are critical for generation of distinct T helper cell (Th) responses. The initiation of the host immune response to pathogen exposure is the activation of antigen presenting cells (APCs), mainly dendritic cells (DCs) by pathogen associated receptors and production of cytokines. Activated DCs upregulate chemokine receptors, specifically Chemokine-C-Receptor 7 (CCR7) and migrate to secondary lymphoid organs in response to the homeostatic chemokine Chemokine (C-C-motif) ligand 19 (CCL19 [4] [5] . The migration of pathogen-activated DCs in response to CCL19 is critical for the generation of an effective adaptive immune response [6] [7] . Recently, we and others have shown that following bacterial stimulation, DCs deficient in IL-12p40 fail to migrate toward CCL19 [2] [3] 8] and do not generate effective adaptive T cell responses [2, 8] . Furthermore, migration of pathogen-exposed IL-12p40 gene-deficient DCs can be rescued by addition of IL-12(p40) 2 [2] and is mediated by its receptor IL-12 Receptor β1 (IL-12Rβ1) [9] . These data suggest that production of IL-12(p40) 2 by pathogen-activated DCs is a crucial first step in initiation of the host immune response [2] . Downstream of DC activation and migration to the secondary lymphoid organs, production of DC-derived IL-12p40 dependent cytokines is crucial for generation of T cell responses, specifically IL-12 is critical for the induction of IFNγ responses [10] , while the production of DC-derived IL-23 is required for generation and maintenance of Th17 cells [11] . Accordingly, cellular immunity against F. tularensis requires the induction of both T helper 1 (Th1) [12] [13] and T helper 17 (Th17) cells [14] . Infection of mouse bone marrow derived DCs (BMDCs) with F. tularensis LVS induces the production of IL-12p40 and IL-12 [15] , while infection of macrophages with F. tularensis LVS induces IL-12p40 and IL-12p35 mRNA [16] and IL-12p40 protein in human monocyte derived macrophages [17] . In vitro infection of human monocytes with the virulent strain of F. tularensis SCHU S4 induces IL-23 [18] . These studies suggest that all three IL-12p40 subunit cytokines are induced in response to Francisella infection. However, it is not known whether IL-12p40 induced in response to F. tularensis LVS exposure has a role to play in chemokine responsiveness to CCL19 and in DC migration from the lung to the draining lymph nodes (DLN). In this study, using in vitro chemotaxis assays we show that Francisella-activated DCs induce TLR2-dependent IL-12p40 production and migrate in response to the homeostatic chemokine CCL19 in an IL-12p(40) 2 and IL-12Rβ1-dependent manner. Furthermore, we show that migration of DCs from the Francisella-exposed lung in vivo is also mediated by IL-12Rβ1 signaling and this coincides with rapid accumulation of IL-12p40-expressing DCs in the DLNs. Our data therefore suggest that IL-12p40 expression by DCs is the first crucial step in initiation of downstream immune responses in pulmonary tularemia.
Materials and Methods

Mice
C57BL/6 (B6) were purchased from Taconic Laboratory (Hudson, NY). IL-12p40-IRES-GFP reporter (yet40), IL-12p40−/− mice and TLR2−/− mice originated from The Jackson Laboratory (Bar Harbor, ME). IL-12Rβ1−/− mice were used as previously described [19] and were a generous gift from Dr. Michael J Walter, Washington University School of Medicine. Experimental mice were used between the ages of six to eight weeks. All mice were treated in accordance to University of Pittsburgh IACUC guidelines.
Bacteria
The LVS strain of F. tularensis (BEI) was grown in Mueller-Hinton (MH) broth or cultured on MH agar, supplemented with ferric pyrophosphate and isovitalex [12] . Bacteria were grown to mid-log phase at 37°C and the CFU was determined by plating the bacterial stocks on MH agar plates. Bacterial colony formation was counted after 3 days of incubation at 37°C. F. tularensis LVS stocks were then heat inactivated by incubating bacterial stocks grown to mid-log phase at 60°C for one hour. Bacteria were frozen in 1 ml aliquots without glycerol at −70°C until needed. Total bacterial protein was determined with the Pierce BCA protein Assay Kit (Thermo Scientific) following the manufacturer's protocol. Irradiated M. tuberculosis H37RV whole cells was obtained under National Institutes of Health (NIH) contract AI-75320.
Generation of bone marrow-derived dendritic cells (BMDCs)
BMDCs were generated from the bone marrow cells of mice as previously described [14] . Briefly, cells were extracted from mouse femurs and 1 × 10 7 cells were plated with 10 ml of DMEM supplemented with 10% FBS (complete DMEM (cDMEM) containing 20 ng/ml recombinant murine GM-CSF (rmGM-CSF; Peprotech). Cells were cultured for 3 days at 37°C in 5% CO 2 , after which an additional 10 ml of cDMEM containing 20 ng/ml rmGM-CSF was added. On day 7, the non-adherent cells were collected by centrifugation, counted and used as BMDCs.
Exposure of BMDCs to F. tularensis LVS
BMDCs from 7-day cultures were placed in 24-well plates at a concentration of 1 × 10 6 cells/well. Cells were treated with heat-inactivated (100 μg/ml) or live F. tularensis LVS grown at 37°C at a multiplicity of infection (MOI) of 100 bacteria per cell in 1 ml of cDMEM. Irradiated M. tuberculosis (100 μg/ml) was used as a positive control [2] . Cells were incubated for 24 hours at followed by centrifugation and removal of the supernatants for protein analysis. 37°C in 5% CO 2 In some wells, B6 DCs were treated with either Goat IgG isotype control or IL-12p40 neutralizing antibody (both from R and D Biosystems-100 ng/ml), while IL-12p40−/− DCs were treated with IL-12(p40) 2 (500 ng/ml) for 24 hours. Untreated and treated BMDCs were washed extensively and used in assays described below.
BMDC uptake of F. tularensis LVS F. tularensis LVS was conjugated to Alexa Fluor 488 following the manufacturer's protocol (Invitrogen). Air-dried heat inactivated F. tularensis LVS were suspended in 0.1% sodium bicarbonate buffer containing 200μg/ml Alexa Fluor dye and labeled at 37°C, 500 rpm for one hour. Conjugated F. tularensis LVS was then washed twice in PBS and resuspended in cDMEM. BMDCs were treated with labeled F. tularensis (100μg/ml). Cells were incubated for 24 hours at 37°C in 5% CO 2 and the percentage of CD11c+ cells that phagocytized labeled F. tularensis was determined using flow cytometry.
In vivo tracking of BMDCs
Day 7 in vitro-generated BMDCs were used for in vivo tracking as described previously by us [2] . In brief, BMDCS were activated with F. tularensis LVS for 3 hours or left untreated. Cells were washed and stained with 6 μg/ml TAMRA orange (Invitrogen) for 3 mins at 37°C, where upon they were washed and resuspended in PBS. 5×10 6 cells were delivered intratracheally into B6 mice and after 18 hours post instillation, the lungs and DLN were harvested, processed into single cell suspensions, and the number of CD11c+ TAMRA+ cells determined by flow cytometry.
In vivo tracking of lung CD11c+ DCs
B6 or IL-12Rβ1−/− mice each received a suspension of 10 μg of heat inactivated LVS in a 5mM CFSE (Invitrogen) solution delivered intratracheally. Control mice received CFSE alone. In some experiments, IL-12p40 reporter mice received PBS or 10 μg of heat inactivated LVS delivered in PBS. 18-24 hours after instillation, lungs and DLNs were harvested and single cell suspensions prepared. Flow cytometry was used to determine the frequency of CFSE-labeled CD11c+ cells or IL-12p40+ expressing CD11c+ cells within the DLNs.
Chemotaxis Assay
The responsiveness of treated and untreated BMDCs to CCL19 was determined as previously described [2] . Treated and untreated BMDCs were resuspended at a concentration of 1 × 10 6 cells/ml in 1× Hanks Balanced Salt Solution (HBSS) without calcium and magnesium (mediatech-Cellgro) plus 1% heat inactivated Fetal Bovine Serum (FBS) (Sigma-Aldrich). 100μl of the cell suspension was added to the upper chamber of a transwell in a 24 well plate (Fisher Scientific) while the lower chamber contained 25 ng/ml CCL19 (R&D Biosystems) in 600 μl of HBSS. Transwell plates were incubated at 37°C for 90 mins following which the transmigrated cells from the lower chamber were fixed by addition of 1% formaldehyde. A standard number of 20 μm size fluorescent microspheres (Polysciences Inc.) were added to each sample and the cells were counted on a Becton Dickinson FACSCalibur flow cytometer using Cell Quest software. Chemotaxis index was then calculated by dividing the normalized cell count by the average cell count for untreated controls with non-specific migration toward HBSS. Cells were defined by their forward and side scatter characteristics while beads were defined by their size and fluorescent intensity.
Determination of protein levels
ELISA antibody pairs were used to detect IL-12p40, IL-12p70 and IL-23 cytokine levels (BD Pharmingen) in the culture supernatants. Recombinant cytokines were used to generate standard curves.
Flow cytometry
For cell surface staining experiments, single cell suspensions were stained with fluorochrome-labeled antibodies specific for CD80 (Clone 16-10A1), CD86 (Clone GL1), CD11c (Clone HL3), (from BD Biosciences). Cells were collected on a Becton Dickinson LSRII flow cytometer using DIVA software. Cells were gated based on their forward and side scatter characteristics and the frequency of specific cell types was determined using FlowJo (Tree Star Inc, CA).
RT-PCR
RNA was extracted from BMDCs using commercial RNA extraction kit (Qiagen) as described [14] . RNA was treated with DNAse and reverse transcribed and cDNA was amplified with FAM-labeled probe and PCR primers on ABI Prism 7900 detection system. The fold-increase in signal over that derived from uninfected samples was determined by calculating the 2 −Δ Δct as before [2, 20] . The primer and probes sequences have been previously published for IL-12p40, IL-12p35, and IL-23p19 [20] .
Statistical Analysis
Differences between the means of experimental groups were analyzed using the two tailed Student's t-test. Differences were considered significant when p ≤ 0.05.
Results
F. tularensis LVS induces IL-12p40 cytokine members in Dendritic cells
Mice that lack IL-12p40 are extremely susceptible to pulmonary F. tularensis LVS infection [12, 14] . DCs are one of the likely producers of IL-12p40 cytokine members in response to infection [15] . Therefore, to determine whether F. tularensis LVS exposure induces IL-12p40 cytokine members in DCs, we treated bone marrow dendritic cells (BMDCs) generated from B6 mice with live or heat inactivated F. tularensis LVS and determined the levels of IL-12p40 in culture supernatants. We found that DCs treated with either live or heat inactivated F. tularensis LVS similarly induced IL-12p40 protein levels in culture supernatants when compared to untreated BMDC cultures ( Figure 1A ). Therefore in all future experiments heat inactivated F. tularensis LVS treatment was used. Furthermore, levels of IL-12p40 induced by F. tularensis LVS were comparable to IL-12p40 levels induced by stimulation of BMDCs with irradiated M. tuberculosis. Since the IL-12p40 subunit is a component of two other cytokines, namely IL-23 and IL-12p70 (IL-12), we then determined the levels of IL-12 and IL-23 in BMDC-stimulated culture supernatants and found that the F. tularensis LVS treatment induced IL-12 ( Figure 1B ). We also found that the levels of IL-12p40 and IL-12 induced by heat inactivated F. tularensis LVS was similar to levels induced by treatment with irradiated M. tuberculosis ( Figure 1A, B) . Further, although IL-23 protein in supernatants from F. tularensis LVS activated DCs was below detectable levels using commercially available kits (data not shown), we detected induction of IL-23p19 and IL-12p40 mRNA in BMDCs treated with F. tularensis LVS (Figure 1C ), suggesting that exposure to F. tularensis LVS likely also induces IL-23. To further assess if F. tularensis LVS could induce the transcription of IL-12p40 cytokines, we exposed BMDCs generated from IL-12p40 reporter mice (yet40 reporter mice) to F. tularensis LVS. The yet40 reporter mice have been used to determine IL-12p40 transcription both in vitro and in vivo [3, 14, 21] . Accordingly, BMDCs exposed to F. tularensis LVS and M. tuberculosis resulted in significant induction of CD11c + IL-12p40 YFP + DCs indicating IL-12p40 transcription was taking place following pathogen exposure ( Figure 1D , E). These data suggest that F. tularensis LVS induces IL-12p40 transcription and production of IL-12p40-dependent cytokines in DCs rapidly following pathogen exposure.
Induction of IL-12p40 in DCs coincides with pathogen uptake and activation of DCs
To further determine whether DC uptake of F. tularensis LVS coincides with IL-12p40 cytokine production, we labeled F. tularensis LVS with Alexa Flour 488 and stimulated BMDCs for 24 hours with labeled F. tularensis LVS and determined the uptake of labeled bacteria by BMDCs using flow cytometry. We show that approximately 75% of BMDCs take up F. tularensis LVS (Figure 2A) , suggesting that uptake of F. tularensis LVS coincides with induction of IL-12p40 cytokines. To further determine whether induction of IL-12p40 cytokines correlated with the ability of F. tularensis LVS to activate BMDCs, we compared the expression of the known surface activation markers CD80 and CD86 on F. tularensis LVS treated BMDCs. We observed a significant upregulation of both CD80 and CD86 expression on CD11c + cells when exposed to F. tularensis LVS and M. tuberculosis ( Figure 2B-D) . These data suggest that DCs uptake F. tularensis LVS, are activated and produce IL-12p40 cytokines rapidly following pathogen exposure. That M. tuberculosisactivated DCs exhibited higher levels of activation when compared to F. tularensis-activated DCs further suggests that different intracellular bacteria likely induce different levels of DC activation as would be expected of inherently distinct bacterial pathogens.
F. tularensis LVS exposure elicits CCL19 dependent chemotaxis of DCs
In addition to production of IL-12p40 and upregulation of activation markers, DCs respond to pathogen exposure by becoming responsive to homeostatic chemokines such as CCL19 [2] [3] . Accordingly, it has been shown that pulmonary DCs migrate from the lung to the DLNs in response to F. tularensis LVS exposure [22] . Therefore, we next tested if F. tularensis LVS-activated DCs are able to migrate in response to the homeostatic chemokine CCL19 and if this was dependent on IL-12p40 and IL-12Rβ1 signaling. Therefore, we treated DCs with F. tularensis LVS and using in vitro chemotaxis assays show that pathogen-activated DCs but not untreated DCs migrate in response to the homeostatic chemokine CCL19 ( Figure 3A) . Furthermore, the ability of F. tularensis LVS-activated DCs to migrate in response to CCL19 was comparable to migration of M. tuberculosis-activated DCs ( Figure 3A) , suggesting that pathogen exposure induces migration of DCs. The migration of M. tuberculosis-activated DCs in response to CCL19 is mediated through IL-12p40 [2] [3] and its receptor molecule IL-12Rβ1 [9] . Therefore, we next addressed if the migration of F. tularensis LVS-activated DCs in response to homeostatic chemokine CCL19 was also IL-12Rβ1 and IL-12p40 dependent. We also report that F. tularensis LVSactivated BMDCs generated from IL-12Rβ1−/− mice did not migrate in response to CCL19 following F. tularensis LVS exposure ( Figure 3B ). To further address whether the IL-12Rβ1-dependent chemokine responsiveness was mediated through the production of IL-12p40, we treated F. tularensis-stimulated B6 BMDCs with IL-12p40 neutralizing antibody and found that this effectively abrogated the ability of BMDCs to migrate in response to CCL19 ( Figure 3C ). Furthermore, we also found that BMDCs derived from IL-12p40−/− mice upon exposure to Francisella were unable to migrate in response to CCL19 ( Figure 3D ). Importantly, we show that exogenous treatment of F. tularensisactivated IL-12p40−/− BMDCs with recombinant IL-12p(40) 2 was able to effectively rescue the ability of IL-12p40−/− BMDCs to migrate in response to CCL19 ( Figure 3D ). These data effectively show that F. tularensis LVS exposure results in induction of IL-12p40, likely as a homodimer, and mediates DC migration towards CCL19 through its receptor IL-12Rβ1.
TLR2 is required for the inflammatory response to F. tularensis LVS in BMDCs [23] and macrophages [24] . To address whether TLR2 is required for F. tularensis LVS induced IL-12p40-dependent chemotaxis, we treated BMDCs from TLR2−/− with F. tularensis LVS and determined levels of IL-12p40 cytokine in culture supernatants. Consistent with published studies [15] , our data shows that BMDCs derived from TLR2−/− mice ( Figure  3E ) produced reduced levels of IL-12p40 in response to F. tularensis LVS treatment. As reported before, the IL-12p40 cytokine production in response to M. tuberculosis stimulation is not TLR2 dependent [25] , since TLR2−/− BMDCs stimulated with M. tuberculosis induced high levels of IL-12p40 protein in DC culture supernatants. Furthermore, we found that DCs that lack the adapter molecule MyD88 did not induce IL-12p40 in response to both F. tularensis LVS and M. tuberculosis (data not shown). Importantly, we show that the reduced ability of TLR2−/− BMDCs to produce IL-12p40 also coincided with decreased ability of F. tularensis-stimulated TLR2−/− BMDCs to migrate in response to CCL19 ( Figure 3F ). These data suggest that F. tularensis LVS induced IL-12p40 cytokine production in DCs is TLR2 and MyD88-dependent, and mediates chemotaxis to CCL19 through its receptor IL-12Rβ1.
IL-12Rβ1 is required for migration of F. tularensis LVS activated DCs from the lungs to the DLNs in vivo
Our in vitro data suggests that F. tularensis-induced IL-12p40 production is required for chemokine responsiveness of DCs to CCL19 through its receptor IL-12Rβ1. To test the relevance of our findings in migration of DCs in vivo, we activated B6 and IL-12Rβ1−/− BMDCs with F. tularensis LVS in vitro and labeled them with TAMRA orange as described before [2] . Labeled cells were then delivered intratracheally into the lungs of B6 mice and we tracked migration of TAMRA-labeled CD11c+ in the DLN by flow cytometry [2] . We found there was significantly more B6 F. tularensis-stimulated DCs than untreated B6 BMDCs in the DLNs, 18 hours after transfer ( Figure 4A ). Importantly, we show that there were fewer F. tularensis-activated IL-12Rβ1−/− BMDCs in the DLNs when compared to F. tularensis-activated B6 BMDCs ( Figure 4A ). The fact that higher numbers of F. tularensisactivated IL-12Rβ1−/− BMDCs were detected in the lungs when compared to F. tularensisactivated B6 BMDCs, supports our hypothesis that these cells were not able to migrate from the lung to the DLN ( Figure 4B) . Furthermore, retention of IL-12Rβ1−/− F. tularensis BMDCs in the lungs was similar to the retention seen in mice that received untreated B6 DCs ( Figure 4B) , suggesting that the migration of B6 BMDCs from the lungs to the DLNs was dependent on F. tularensis exposure and IL-12Rβ1 signaling.
Since the above data using BMDCs suggests that DCs require IL-12Rβ1 signaling to migrate from the lung to the DLN, we then determined whether lung resident DCs require IL-12Rβ1 signaling to respond to F. tularensis exposure and migrate from the lung to the DLN. Therefore, we labeled cells in the airways of B6 and IL-12Rβ1−/− mice with CFSE [2] and activated lung DCs by administering F. tularensis LVS intratracheally. We then determined the frequency of CD11c+ CFSE+ DCs within the DLN, 18 hrs after delivery. We found that the frequency of CD11c+ CFSE+ DCs in the DLNs of B6 mice exposed to F. tularensis LVS was significantly higher when compared to control B6 mice that received CFSE alone ( Figure 4C ). However, there was a significantly reduced frequency of CD11c+ CFSE+ DCs in the DLNs of IL-12Rβ1−/− mice exposed to F. tularensis LVS ( Figure 4C) . These data together demonstrate that in the absence of IL-12Rβ1 signaling, lungs DCs activated by F. tularensis LVS are less able to migrate from the lung to the DLNs. To further determine whether pulmonary F. tularensis LVS exposure resulted in accumulation of IL-12p40 expressing DCs in the DLNs in vivo, we treated yet40 reporter mice intratracheally with F. tularensis LVS or PBS and found that exposure to F. tularensis LVS resulted in accumulation of CD11c+ IL-12p40 YFP+ DCs in the DLNs, 24 hours later. These data together suggest that IL-12p40 expressing DCs are migratory and require IL-12Rβ1 signaling to migrate from the lungs to the DLNs following F. tularensis LVS exposure.
Discussion
We have previously shown that following exposure to pathogens such as M. tuberculosis and Y. pestis, the production of IL-12p40 by activated DCs is one of the early events that is required for chemokine responsiveness and initiation of adaptive immune responses [2] [3] . We now demonstrate that F. tularensis LVS-stimulated DCs also produce IL-12p40 rapidly and mediate chemokine responsiveness to CCL19, through its receptor IL-12Rβ1. The requirement for IL-12p40 does not appear to reflect the need for other IL-12p40-dependent cytokines such as IL-12 or IL-23, since the migratory phenotype in BMDCs lacking IL-12p40 can be rescued by providing IL-12p(40) 2 exogenously. Importantly, our data also show that ability of F. tularensis-activated lung DCs to migrate to the DLNs is also dependent on IL-12Rβ1, suggesting that production of IL-12p40 by DCs is a crucial first step in generation of rapid immune responses following pulmonary tularemia. Our data show that induction of IL-12p40, IL-12p35 and IL-23p19 mRNA takes place in DCs following F. tularensis LVS exposure, suggesting that all three of the IL-12p40 cytokines are induced in response to pathogen stimulation. The production of effector cytokines IFNγ and IL-17 is critical for protective immunity to F. tularensis LVS [12, 14] . IFNγ production is critical for macrophage activation and control of intracellular pathogens. More recently, we described a critical role for IL-17 in induction of IL-12 and in driving Th1 responses during F. tularensis LVS pulmonary infection [14] . Furthermore, IL-17 can also directly act on macrophages and enhance intracellular pathogen control [14] . These studies suggest that both the Th1 and Th17 responses are crucial for control of F. tularensis LVS. Accordingly, we show that the inducible expression of IL-12p40 and IL-12p35 mRNA and presence of IL-12 protein (Figure 1) , suggests that the Th1 polarizing cytokine IL-12 can function to drive Th1 responses. The inducible gene expression for IL-12p40 and IL-23p19 mRNA in Francisella-treated DCs suggests the induction of IL-23, allows for generation of Th17 responses and subsequent IL-17 dependent Th1 induction. Consistent with these data, we recently showed that F. tularensis infected IL-12p35−/− mice have reduced induction of IFNγ, while IL-23p19−/− mice had reduced induction of IL-17 and IFNγ responses in the lung [14] . Therefore, our data suggests that following F. tularensis LVS exposure, DCs produce IL-12p(40) 2 to initiate chemokine responsiveness and migration to the DLNs, while IL-12 and IL-23 production likely play important roles in initiation of Th1 and Th17 responses respectively.
The IL-12 receptor family consists of the IL-12Rβ1, IL-12Rβ2 and IL-23R. The IL-12 cytokine binds to the IL-12 receptor comprised of IL-12Rβ1 and IL-12Rβ2, while IL-23 binds to the IL-23R comprised of IL-12Rβ1 and IL-23R. IL-12p40 binds to IL-12Rβ1 and interferes with binding of IL-12 [26] . In addition, IL-12(p40) 2 functions as a macrophage chemoattractant [27] [28] and this activity is blocked when anti-IL-12Rβ1 antibody [27] or IL-12Rβ1 gene deficient mice were used [28] . The signaling induced by IL-12(p40) 2 in IL-12Rβ1 is thought to be mediated by NFκB DNA binding [29] , since treatment of BMDCs with IL-12p(40) 2 alone was able to stimulate NF-κβ nuclear migration in DCs [9] . Consistent with this, the IL-12p40-dependent pathogen-dependent migration of M. tuberculosis activated-DCs [2] was IL-12Rβ1-dependent and was associated with impaired NF-κβ-dependent gene activation [9] . In the current study, we show that IL-12Rβ1 expression on DCs is important for the CCL19 chemokine responsiveness of F. tularensis LVS-activated BMDCs. Importantly, neutralization of IL-12p40 in F. tularensis-activated DCs resulted in complete abrogation of chemokine responsiveness to CCL19, further validating a role for IL-12p40-IL-12Rβ1 axis in DC migration following pathogen exposure. We also show that exposure to F. tularensis LVS and resulting IL-12p40 cytokine production coincides with uptake of the bacteria and upregulation of activation markers on DCs. However, it is possible that not all the DCs that have taken up the bacteria have completely acquired activation status at this time, since we found that a smaller proportion of DCs were activated compared to higher proportion of DCs that have taken up bacteria.
DCs are infected following pulmonary infection with F. tularensis LVS in the lung [22] and our data suggest that the production of IL-12p40 likely mediates the migration of DCs from the infected lung via an IL-12Rβ1-dependent pathway for initiation of adaptive immune responses. Consistent with our hypothesis that the migratory phenotype of lung DCs following F. tularensis LVS exposure is dependent on IL-12Rβ1, we show that F. tularensis-induced migration of lung DCs to the DLNs in IL-12Rβ1−/− mice is defective. Furthermore, our data that transfer of F. tularensis-activated IL-12Rβ1−/− BMDCs into B6 mice also results in defective BMDC migration to LNs suggesting that it is the IL-12p40-IL-12Rβ1 signaling in DCs that is crucial for migration of pathogen exposed DCs to the DLNs. Furthermore, our data that CD11c+ IL-12p40 YFP+ DCs accumulate in the DLNs within 24 hours following F. tularensis exposure, project that DC migration is a rapid first step in initiation of immune responses. This is consistent with other reports showing that in yet40 reporter mice, IL-12p40-expressing DCs are detected in DLNs following activation with bacteria and can promote differentiation of T cells [21] . These studies provide a rationale for the production of IL-12p40 cytokine production as one of the earliest events following F. tularensis-induced DC activation [30] [31] and for the fact that IL-12p40 is produced in excess of IL-12p70 (Figure 1) . Accordingly, neutralization of IL-12p40 as well as IL-12p40 deficiency in DCs results in abrogation of F. tularensis-induced chemokine responsiveness to the homeostatic chemokine, CCL19. Our data that the F. tularensisstimulated IL-12p40−/− DC chemokine responsiveness to CCL19 can be rescued with treatment with IL-12p(40) 2 further validates a crucial role for IL-12p(40) 2 in DC migration following pathogen exposure [2] . It is known that TLR2 signaling is important for induction of IL-12p40 cytokines following F. tularensis LVS exposure [15] . However, our observation that TLR2 is essential for IL-12p40-mediated chemokine responsiveness to CCL19, suggests that TLR2 dependent innate signaling is one of the early steps in initiating immune responses during tularemia.
In conclusion, our data demonstrate that F. tularensis LVS induced innate production of IL-12p(40) 2 is required for DC migration. We also describe that chemokine responsiveness to CCL19 and ability to mediate migration of DCs from the lung to the DLNs following F. tularensis LVS exposure is IL-12Rβ1 dependent. The data presented here therefore impact our understanding of the earliest events taking place in the DCs following F. tularensis LVS infection. 
B6
BMDCs and IL-12Rβ1−/− BMDCs were treated with heat inactivated F. tularensis (Ftl) (100 μg/ml) for 24 hours, following which cells were washed and labeled with TAMRA orange. 5×10 6 labeled BMDCs were intratracheally transferred into B6 mice and the number of CD11c+ TAMRA+ cells were determined in DLNs (A) and lung (B) at 18 hours after transfer by flow cytometry. B6 and IL-12Rβ1−/− (C) received 10 μg of heat inactivated F. tularensis intratracheally along with CFSE as described under methods. 18 hours later, the frequency of CD11c+ CFSE+ cells was determined in the DLNs using flow cytometry. Yet40 reporter mice received 10 μg of heat inactivated F. tularensis intratracheally as described under methods (D). Control yet40 reporter mice received the same volume of PBS intra-tracheally. 24 hours later, the frequency of CD11c+ IL-12p40 YFP+ cells were determined in the DLNs using flow cytometry. The data points represent the mean and SD of 5-10 samples. (*p<0.005, **p<0.005, *** p<0.005).
